Abstract -A vast sequence of quartz-rich sandstone was deposited over North Africa and Arabia during Early Palaeozoic times, in the aftermath of Neoproterozoic Pan-African orogeny and the amalgamation of Gondwana. This rock sequence forms a relatively thin sheet (1-3 km thick) that was transported over a very gentle slope and deposited over a huge area. The sense of transport indicates unroofing of Gondwana terranes but the exact provenance of the siliciclastic deposit remains unclear. Detrital zircons from Cambrian arkoses that immediately overlie the Neoproterozoic Arabian-Nubian Shield in Israel and Jordan yielded Neoproterozoic U-Pb ages (900-530 Ma), suggesting derivation from a proximal source such as the Arabian-Nubian Shield. A minor fraction of earliest Neoproterozoic and older age zircons was also detected. Upward in the section, the proportion of old zircons increases and reaches a maximum (40 %) in the Ordovician strata of Jordan. The major earliest Neoproterozoic and older age groups detected are 0.95-1.1, 1.8-1.9 and 2.65-2.7 Ga, among which the 0.95-1.1 Ga group is ubiquitous and makes up as much as 27 % in the Ordovician of Jordan, indicating it is a prominent component of the detrital zircon age spectra of northeast Gondwana. The pattern of zircon ages obtained in the present work reflects progressive blanketing of the northern Arabian-Nubian Shield by Cambrian-Ordovician sediments and an increasing contribution from a more distal source, possibly south of the Arabian-Nubian Shield. The significant changes in the zircon age signal reflect many hundreds of kilometres of southward migration of the provenance.
Introduction
A widespread sedimentary platform, essentially comprising quartz-rich sandstone, was deposited over the continental margins of North Africa and Arabia during the Early Palaeozoic times, in the aftermath of the Neoproterozoic amalgamation of Gondwana. This sedimentary succession is unique in several aspects: (1) it is one of the most voluminous siliciclastic sequences ever deposited on a continental crust (Burke & Kraus, 2000) ; (2) in spite of its great volume it forms a rather thin cover on top of the (then) recently stabilized East Sahara craton and the Arabian-Nubian Shield; (3) it is made essentially of quartz, and it was deposited from a continental-wide braided stream system with a constant south-to-north (present configuration) flow direction over a very gentle slope (Fig. 1; McKee, 1962; Klitzsch, 1981; Klitzsch et al. 1979; T. Weissbrod, unpub. Ph.D. thesis, Hebrew Univ. Jerusalem, 1980; Alsharhan & Nairn, 1997 ; Burke & Kraus, † Author for correspondence: kerenk@vms.huji.ac.il 2000; Burke, MacGregor & Cameron, 2003) . The successions across North Africa and the Middle East form part of a continuous platform that was deposited on a very broad and nearly flat continental basement shortly after the wearing down of the Pan-African orogen. The significant volume of detrital quartz stored in the platform sequences indicates a major phase of continental denudation and basement unroofing. Burke, MacGregor & Cameron (2003) envisaged Cambrian sedimentation in relation to rifting and thermal subsidence, but we note that the majority of the Cambrian-Ordovician sediments in North Africa and Arabia were deposited as thin and laterally widespread rock sheets. Previous workers emphasized that the Cambrian-Ordovician sediments differ significantly from the typically much thicker and narrower riftrelated continental margin deposits and Bennacef et al. (1971) named the early Palaeozoic sandstone of Algerian Sahara 'Cratonic sediments'. In the northern Arabian-Nubian Shield, extension and incipient rifting has locally affected the collapsing Pan-African orogen, but the field and geochronological data indicate that the extensional basins were formed by 600-580 Ma (Jarrar, Wachendorf & Zellmer, 1991; Willis, Stern & Clauer, 1988; Johnson, 2003) , well before the onset of Cambrian sedimentation. By Cambrian-Ordovician times, these extensional basins, together with their host basement, were sealed and covered by the sandstone blanket that spread far from any known rift.
The stratigraphy and depositional environment of the Cambrian-Ordovician platform sequence has been studied extensively (e.g. T. Weissbrod, unpub. Ph.D. thesis, Hebrew Univ. Jerusalem, 1980; Weissbrod & Nachmias, 1986; Gaudette & Hurley, 1979; Amireh, 1991; Alsharhan & Nairn, 1997; Garfunkel, 2002; Wolfart, 1981; Petters, 1991 and references therein) , but details such as the scale of detrital transport and the nature of the provenance are not well understood. Several papers have interpreted the provenance of the Provenance of north Gondwana Cambrian-Ordovician sandstone 369 siliciclastic sections in North Africa and Arabia using petrography, petrology and geochronology. Weissbrod (1969; T. Weissbrod, unpub. Ph.D. thesis, Hebrew Univ. Jerusalem, 1980) and Weissbrod & Nachmias (1986) suggested that most of the sandstone shares a common provenance, and that facies distribution throughout the sedimentary column points to the Arabian-Nubian mainland in the south as the area of sediment supply. Karcz & Key (1966) and Selley (1972) showed that palaeocurrent data from southern Israel and Jordan indicate transport direction towards the northwest or northeast, and Powell (1989) argued that the siliciclastics of Jordan were derived from a distant source to the south. Garfunkel (1999 Garfunkel ( , 2002 suggested that the area of deposition gradually expanded, from a width of 100 km in the Early Cambrian to well over 1000 km in the Ordovician and Silurian. The constant north-to-south directed transport of detritus, as deduced from field sedimentological criteria, is an important line of evidence indicating the provenance was south of the deposition site of any given sandstone outcrop, yet the great width of the sedimentary blanket, from the Mediterranean shoreline in the north, far inland to Chad and Yemen in the south (Fig. 1 ), allows derivation from a variety of 'southerly' sources.
The Cambrian-Ordovician sandstone sequence, which includes deposits in Israel and Jordan, covers the northern outskirts of the East African Orogen. The East African Orogen is a Neoproterozoic orogenic belt that stretches from Mozambique in the south to Israel and Jordan in the north (Stern, 1994) . In the north, the East African Orogen comprises the Arabian-Nubian Shield, which is made of accreted Neoproterozoic (900-550 Ma) juvenile volcanic arcs (Bentor, 1985; Stern, 1994) , while to the south, the East African Orogen comprises the Mozambique belt, which is a broad suture zone encompassing ancient crust remobilized during Neoproterozoic times (Stern, 1994 and references therein) . The entire length of the East African Orogen was unroofed in the aftermath of Pan-African orogeny. Much of the upper crust has been removed from above the Arabian-Nubian shield to expose late Neoproterozoic greenschist-facies metamorphic rocks typical to this domain (Garfunkel, 1999; Stern, 1994) , whereas an even greater depth of exposure is inferred from the abundant granulite-and amphibolite-facies rocks in the Mozambique belt (Stern, 1994) . Both terranes were thus likely candidates to shed detritus onto northern Gondwana margins, but the southern parts of the East African Orogen probably drained to the south (currently southern Africa), where Early Palaeozoic sandstones are also widespread (Shackleton, 1986) .
Recent U-Pb SHRIMP dating of detrital zircons from the Cambrian succession of southern Israel revealed that most detrital zircons yielded Neoproterozoic ages (Avigad et al. 2003) , indicating that the Early Palaeozoic siliciclastic section stores detritus shed from the East African Orogen, but pre-Neoproterozoic zircons were also found. Avigad et al. (2003) presented a single collective histogram for the entire Cambrian section of Israel. However, the Cambrian section matures upward from arkose and subarkose with pebbly conglomerates at the base, to pure quartz arenite at the top. These mineralogical changes take place over a section less than 300 m thick, and potentially indicate significant differences in transport distances and in provenance. Thus, the histogram presented by Avigad et al. (2003) bears on the general nature of the provenance of the Early Palaeozoic of north Gondwana, but it does not clarify the character of the 'cratonic' sedimentation process and whether the provenance has changed with time.
Here, we report U-Pb SHRIMP ages of detrital zircons collected from different stratigraphic levels of the Cambrian section exposed in Israel and from the Cambrian and Ordovician sections exposed in southern Jordan. We present the data from Israel with a finer-scale resolution than that published by Avigad et al. (2003) and report the results from each of the four stratigraphic levels of the Cambrian in Israel. We also present detrital zircon U-Pb ages from four Cambrian and Ordovician sandstone samples from strata exposed in southern Jordan. Detrital minerals from these rocks have never been dated. This study covers a relatively broad area and a significant fraction of the early Palaeozoic record, and the stratigraphic control allows detection of the trends and changes in provenance during the Cambrian-Ordovician period.
Lower Palaeozoic sedimentary cover
At the end of the Neoproterozoic era, the basement of North Africa and Arabia subsided and widespread deposition of arkose and mature sandstone began at 530-515 Ma (late-early Cambrian) (Alsharhan & Nairn, 1997; Garfunkel, 1999; Klitzsch, 1981; Petters, 1991 and references therein; Wolfart, 1981) . The cover sediments evolved on a vast peneplain and the basement was progressively buried as sedimentation gradually transgressed southward (Garfunkel, 1999) . Over wide areas of northern Gondwana, including the Middle East (Alsharhan & Nairn, 1997; Klitzsch, 1981; Wolfart, 1981) , the Palaeozoic sedimentary history was uniform. In North Africa, fluvial arkose accumulated in the late-early Cambrian (Tomotian-Botomian), followed by subarkose and mature sandstone that accumulated during a marine transgression that progressed from north to south (Klitzsch, 1981) . During late Ordovician times, Gondwanaland moved over the south pole, leading to widespread continental glaciations in Africa (Alsharhan & Nairn, 1997; Klitzsch, 1981) . Our work has concentrated on sedimentary units deposited prior to this glaciation period (late Ordovician).
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2.a. The Cambrian of southern Israel
The Lower Palaeozoic section is exposed in the Elat area, where the Cambrian sucession is about 300 m thick and is unconformably overlain by Cretaceous rocks (Fig. 2; Garfunkel, 1978; T. Weissbrod, unpub. Ph.D. thesis, Hebrew Univ. Jerusalem, 1980) . The lower most stratigraphic unit, the Amudei Shelomo Formation, is generally medium-to coarse-grained subarkose, with sub-angular to sub-rounded grains. A basal conglomerate consisting of angular to rounded pebbles of magmatic or metamorphic origin is found at the base of the formation (T. Weissbrod, unpub. Ph.D. thesis, Hebrew Univ. Jerusalem, 1980) . The overlying Timna Formation displays a mixed siliciclastic (subarkose)-carbonate facies. The lower part of the Shehoret Formation consists of siltstone and shale alternating with fine-to coarse-grained subarkose. These are overlain by a thick, quite homogeneous fine-grained, subangular to sub-rounded, moderately sorted subarkose cemented by microcrystalline quartz. The uppermost Netafim Formation is a fine-grained, rounded and wellsorted, quartz-arenite with alternating layers of siltstone and claystone. Heavy minerals are zircon, tourmaline, rutile (ZTR) and ores, with irregular distribution of authigenic apatite and barite (Weissbrod & Nachmias, 1986) . The ZTR index (zircon, tourmaline, rutile) in the upper Cambrian rocks is above 90 %, implying significant mineralogical maturation.
2.b. The Cambrian-Ordovician of southern Jordan
East of the Dead Sea Rift, Cambrian cover strata form a ∼ 500 km wide belt stretching from Jordan into Saudi Arabia, whereas Ordovician strata extend further to the south where they commonly lie directly on the basement ( Fig. 1; Garfunkel, 2002) . The Palaeozoic strata of southern Jordan consist of the Cambrian to Lower Ordovician Ram Group and the Ordovician to Silurian Khreim Group (Powell, 1989) . From base to top, the Cambrian succession (Fig. 2) consists of the Salib Formation (coarse arkosic sandstone and pebbly conglomerates), Burj Formation (shallow marine subarkose, dolomite-shale), Umm-Ishrin Formation (mature quartz-arenite) and the lower Disi Formation (mature quartz-arenite) (T. Weissbrod, unpub. Ph.D. thesis, Hebrew Univ. Jerusalem, 1980; Garfunkel, 1999; Amireh, 1991) .
The early-middle Ordovician formations, which were examined in this research, consist of alternating cycles of fine-to medium-grained quartz arenite deposited over a shallow shelf of a broad sea (Selley, 1972; Bender, 1974; Powell, 1989 , Powell, Moh'd & Masri, 1994 three sandstone units: the Hiswah Formation, Dubaydib Formation and the lower part of the Mudawwara Formation that also contains glacial deposits (Powell, 1989; Powell, Moh'd & Masri, 1994) .
Sampling
Zircons were separated from four sandstone samples at different stratigraphic levels from the Cambrian of southern Israel in the Elat area (Timna and Shehoret valleys) and from four samples of CambrianOrdovician sandstones of southern Jordan in the ElQuweira area. Sample locations are shown in Figure 1 and their stratigraphic positions and a correlation between the Jordan and Israel stratigraphic levels are presented in Figure 2a and b.
3.a. Samples from southern Israel
Sample K-2 is a subarkose from the Amudei Shelomo Formation that immediately overlies the crystalline basement. It is moderately sorted, and most grains are sub-rounded to sub-angular. Sample K-15 is a coarsegrained, moderately sorted subarkose with sub-rounded grains, from the lower part of the Timna Formation. K-5 is a fine-grained, moderately sorted, subarkose from the Shehoret Formation, and K-20 is a mature quartz arenite from the Netafim Formation that caps the Cambrian section.
3.b. Samples from southern Jordan
The Cambrian-Ordovician section in southern Jordan was sampled in the El Quweira area (Fig. 1) . Sample P-2 is coarse-grained arkosic sandstone from the late early Cambrian Salib Formation. It is moderately sorted and most grains have sub-rounded to sub-angular shapes. Sample UI-4 from the Umm-Ishrin Formation is Middle to Upper Cambrian medium-grained quartzarenite, comparable to the Shehoret Formation. It is well sorted and most of the grains have sub-rounded edges. Sample US-2 from the Early Ordovician Umm Sahm Formation is characterized by coarse-grained, thick-bedded quartz-arenite. It is well sorted and most of the grains have sub-rounded to sub-angular edges. Sample D-2 from the Middle Ordovician Dubaydib Formation is fine-grained, well-sorted sandstone rich in micas.
Analytical techniques
Zircons separated from 5-10 kg sandstone samples were prepared by standard techniques. Representative zircon fractions of each sample, usually from the 64 to 150 micron fraction, were mounted in epoxy, polished, coated with gold and scanned by cathodoluminescence imaging (CL). In each sample around 60 grains were dated. This number of grains ensures that there is 95 % confidence that no fraction f act ≥ 0.085 was missed (Vermeesch, 2004) .
U-Th-Pb analyses were made on the Stanford-USGS SHRIMP RG (Reverse Geometry) using the SL13 zircon standard as a reference. Each spot analysis is the average of five scans through nine mass-stations. Ion count rates per mass channel were determined at the time mid-point by linear regression, and data processing and plotting were performed using Isoplot (Ludwig, 1994) . Common lead was estimated using the method of Stacey & Kramers (1975) and was generally low. Analytical spots, ∼ 30 µm in diameter, were sputtered using a ∼ 10 nA O 2 − primary beam. The primary beam was rastered across the analytical spot for 90 seconds before the analysis to reduce common Pb, and the resulting analyses showed that 204 Pb is generally < 0.01 % of the total Pb. Isotope ratios were calibrated against AS57 with an assumed age of 1099 Ma (Paces & Miller, 1993) . Zoned grains with wide rims (> 30 µm) were measured in two spots, core and rim. Discordant detrital zircon ages can be difficult to interpret because each grain may have been derived from a different source that might be affected by different Pb loss events (Ross & Parrish, 1991 206 Pb/ 238 U ages older than 800 Ma, and these were always assumed to be minimum crystallization ages.
Results
U-Pb ages from 480 grains from eight samples from Israel and Jordan were measured, and the analytical results are presented in Appendices 1 and 2. Concordia diagrams of all ages obtained in each section are presented in Figure 3a and b, showing that most of the grains have Neoproterozoic ages and that most of the older ages are discordant. In both the Cambrian section of Israel and the Cambrian-Ordovician sections of Jordan, the relative proportion of the concordant grains varies with stratigraphic position (Fig. 3c) .
The data obtained for each of the analysed samples are presented as the range of weighted mean ages in Figure 4 .
5.a. Ages from the Cambrian of Israel
The four Cambrian sandstone samples from Israel yielded concordant 206 Pb/ 238 U ages, mainly between 530 and 900 Ma (Figs 3, 4) , leading to the conclusion that their major source is a Neoproterozoic basement. The analyses also revealed three older zircon age groups (late Archaean to early Neoproterozoic): 0.95-1.10, 1.80-1.90 and 2.60-2.70 Ga (Fig. 4) , which appear in all stratigraphic levels. Sample K-2 from the Amudei Shelomo Formation (the basal unit) yielded 80 % concordant zircon ages, 87 % of which are Neoproterozoic (∼ 530-900 Ma). K-2 also contains concordant late Archaean to early Neoproterozoic grains (0.95-1.10 Ga, 1.75-1.85 Ga and 2.65-2.70 Ga).
Upward in the section, in the Timna Formation, the fraction of concordant ages, as well as the proportion of Neoproterozoic Pan-African age zircons, decreases slightly. Sample K-15 produced a 78 % concordance rate, from which 80 % of the ages fall within the Neoproterozoic age interval. About 11 % of the concordant ages lie in the 0.95-1.10 Ga interval and only a few grains yielded 1.7-1.8 Ga and 2.6-2.7 Ga.
Similar age clusters appear in the middle to upper Cambrian Shehoret and Netafim formations but the relative proportions, as well as the proportion of concordant and discordant grains, differ significantly. In the Shehoret Formation, concordant grains make up about 69 % of the population, of which 84 % show Neoproterozoic Pan-African ages. Among the older grains, the 0.95-1.10 Ga group dominates, forming ∼ 12 % of the concordant population. The same distribution holds for the supermature quartz arenite of the Netafim Formation. The discordant ages from the Shehoret and Netafim formations (Fig. 4) seem to define two elongated clusters, each of which can be roughly matched with a discordia line whose upper intercepts lie at 1.8-1.9 Ga and 2.6 Ga, respectively. The presence of concordant grains of similar age supports the reliability of these upper intercept ages and suggests that these discordant grains were derived from Early Proterozoic (1.8 Ga) and Late Archaean (2.6 Ga) terranes that were affected by lead loss during the Neoproterozoic.
Although Neoproterozoic detrital zircons dominate the age spectra of the entire Cambrian sandstone in Israel, the percentage of pre-Neoproterozoic ages increases in the upper part of the section and becomes significant (Fig. 3c) . The second largest group is the pre-Neoproterozoic 0.95-1.10 Ga that appears in all samples and makes up 5-13 % of the population.
5.b. Ages from the Cambrian and Ordovician of Jordan
The four sandstone samples from Jordan yielded concordant 206 Pb/ 238 U ages, mainly between 530 and 900 Ma (Figs 3, 4) . The analyses also revealed three old zircon age groups (late Archaean to early Neoproterozoic): 0.95-1.10, 1.80-1.90 and 2.60-2.70 Ga (Fig. 4) , which appear in all stratigraphic levels.
As in Israel, a gradual up-section decrease in the proportion of Neoproterozoic zircons is observed (Fig. 3c ) from 81 % in the Cambrian Salib Formation to 60 % in the overlying Cambrian Umm-Ishrin Formation. In general, the proportion of Neoproterozoic zircon grains in the Cambrian Salib Formation in Jordan is lower than that in its Israeli stratigraphic equivalent (Amudei Shelomo Formation). At the top of the section studied by us, at the middle Ordovician of Jordan, the preNeoproterozoic zircons slightly decrease to about 30 % of the entire population.
The pre-Neoproterozoic age clusters detected in Jordan resemble the main clusters in Israel but the relative proportions are different (Fig. 4) . In the Salib Formation the pre-Neoproterozoic ages are confined -20) . The Jordanian Cambrian samples are from (e) the Salib Formation (P-2) and (f) the Um-Ishrin Formation (UI-4), and those of Ordovician age are from (g) the Umm-Sahm Formation (US-2) and (h) the Dubaydib Formation (D-2) of the section. The relative probabilities of weighted mean ages of all data are limited by the black curves, whereas the concordant ages histograms are grey-filled. The arrows point to the correlative formations from Israel and Jordan.
to 0.95-1.10 Ga zircons (17 % of the population), whereas in the overlying Umm-Ishrin Formation, 20 % of the zircons fall at 0.95-1.1 Ga and 13 % lie in the 1.65-2.00 Ga range. In the Ordovician section, 0.95-1.1 Ga zircons dominate the pre-Neoproterozoic age spectrum. In the Umm-Sahm Formation, 27 % of the concordant zircons yield ages of 0.95-1.1 Ga and only several grains yield 1.8-1.9 Ga and 2.55-2.65 Ga ages. In the Dubaydib Formation, 22 % of the ages are between 0.95-1.1 Ga and a few grains yielded ∼ 2.6 Ga and ∼ 3.15 Ga. The Dubydib Formation also contains post-Neoproterozoic, pre-Ordovician zircons whose ages fall within the 530-490 Ma range.
To describe better the potential source areas, expanded relative probability diagrams of the age spectra between 0.5-1.2 Ga (Fig. 5) show that more than 60 % of the ages are contained in two groups at 550-580 Ma and 620-640 Ma, although various amounts of 715-720 Ma and 820 Ma age zircons are detected in all samples.
5.c. Detrital zircons younger than the host sediments
Most of the Neoproterozoic zircons contain 50-700 ppm U and concentrations greater than 500 ppm are rare. Most of the 1-1.1 Ga, 1.8-1.9 Ga, and 2.65-2.7 Ga zircons contain 50-400, 50-500 and 200-300 ppm U, respectively (Fig. 6) . A negative correlation between age and U concentration appears in relatively young (Late Neoproterozoic) zircons with high U contents (< 500 Ma, > 800 ppm, Fig. 6 ), indicating that a fast pathway for Pb diffusion had been created due to radiation damage.
These zircons, with concordant U-Pb ages younger than sedimentation ages, were excluded from the relative frequency diagrams presented in Figures 4 and 5. They comprise a few percent of the total population analyzed, appear in each of the eight samples we studied and yielded variable ages between 150 and 440 Ma. These grains have a morphology and internal structure otherwise similar to the 'normal' zircons described above. However, these anomalously young grains are distinguished by having elevated U content (Fig. 6 ) and Th/U ratio. Thus, we consider that rather than reflecting crystallization, these anomalously young 206 Pb/ 238 U ages resulted from complete loss of radiogenic Pb enhanced by radiation damage.
Zircon structure and morphology
The external and internal morphology of zircon grains can be revealed by visible and CL imaging. These techniques can yield additional information about relative transport distances and on the petrology of the source (igneous or metamorphic). Zircon grains from each of the four age groups (0.5-0.9, 1-1.1, 1.8-1.9, 2.6-2.65 Ga) were examined. Their representative morphologies and CL zoning patterns are shown in Figure 7 .
Three types of zircon morphology were observed among the 0.5-0.9 Ga Neoproterozoic grains.
(1) Idiomorphic or slightly rounded, typically displaying oscillatory euhedral concentric CL zoning. These zircons were probably derived from an igneous source (Vavra, 1990; Rubatto & Gebauer, 2000) .
(2) Sub-rounded grains, sometimes with coarse zoning or narrowly banded zones. These zircons were also derived from an igneous source but may have been transported from a more distal source. (3) Rounded zircons, weakly zoned, homogeneous or patchy, that were derived from a metamorphic source (Vavra, 1990; Rubatto & Gebauer, 2000) .
In the Cambrian of southern Israel, as well as in the Jordanian succession, the majority of the Neoproterozoic zircons are of Type 1 but there are also a few Type 2 grains. In the upper part of the Israeli section (Shehoret and Netafim formations; Fig. 7 ), a few rounded Type 3 grains as well as zircon fragments occur.
There is no significant difference in morphology and texture between the pre-Neoproterozoic zircon grains and those of the Neoproterozoic age. The 0.95-1.15 Ga zircons are sub-rounded or rounded, partly with coarse zoning or narrowly banded zones. They were probably also derived from an igneous source. The 1.8-1.9 and 2.6-2.7 Ga grains, either fragments or whole grains, have variable morphology and may have been derived from igneous and/or metamorphic sources such as the East Saharan Craton (Harms, Schandelmeier & Darbyshire, 1990; Stern et al. 1994 and references therein) or Oweinat in the southwest desert of Egypt (Klerkx, 1980) . These putative source terranes are approximately 1000 km away (Fig. 8) .
The Cambrian sandstone from Jordan contains Neoproterozoic age zircons that contain both Type 1 idiomorphic grains and sub-rounded Type 2 grains. The Ordovician sandstone contains mostly idiomorphic and sub-rounded Neoproterozoic age zircon grains, but a few rounded grains also occur (Type 3).
Provenance of the Cambrian-Ordovician succession
A comparison of the detrital zircon ages from Israel and Jordan shows many similarities, indicating that on a regional scale these two areas were fed from similar sources. In both sections, most grains are Neoproterozoic, the proportion of pre-Neoproterozoic zircon ages increases up-section, and the pre-Neoproterozoic ages define similar groups. The major difference is in the relative proportions.
The basement immediately underlying the early Palaeozoic cover strata of southern Israel and Jordan, is the juvenile Arabian-Nubian Shield that was formed during the Neoproterozoic (900-530 Ma) Pan-African Orogeny, and is exposed in Egypt, Sudan, Saudi Arabia, Yemen, Somalia, Ethiopia, Eritrea, Jordan and Israel ( Fig. 1 ; Bentor, 1985; Stein & Goldstein, 1996; Stern, 2002; Kröner, 1984; Kröner et al. 1987; Stern et al. 1994; Petters, 1991 and references therein) .
The lowest Cambrian units in Israel (Amudei Shelomo) and Jordan (Salib) are dominated by subarkose or arkose and contain a basal conglomerate deposited on rough topography. They both appear to have been derived from a proximal source, and their detrital zircon age histogram is taken to describe the composition of the Arabian-Nubian Shield at or near the source. Within the Neoproterozoic interval, detrital zircons yielding 550-670 Ma ages predominate in all stratigraphic levels. The most likely source of detrital zircons of this age in the Cambrian-Ordovician section is the widespread late proterozoic calk-alkaline and alkaline granites which are ubiquitous in the ArabianNubian Shield and form more than 50 % of its exposed rock (Bentor, 1985; Eyal, Eyal & Kröner, 1991; Stern, 1994) .
Various amounts of 715-720 Ma and 820 Ma age zircons are detected in all Cambrian samples. Metavolcanic rocks, schists and granites of this age are common in the Arabian-Nubian Shield (e.g. Dixon, 1981; Kröner, Eyal & Eyal, 1990; Stern & Kröner, 1993; Fleck et al. 1980; Stoeser, 1986) . In addition, detrital zircons from the Neoproterozoic Elat Schist, in the immediate vicinity of the Cambrian sandstone exposures, yielded U-Pb ages of 820 Ma (our unpub. data).
The presence of early Neoproterozoic and older age zircons suggests that a minor exposure of an older crust existed within the otherwise Neoproterozoic Arabian-Nubian Shield in the proximity of Elat and southern Jordan. Stacey & Stoeser (1983) inferred older continental basement in the eastern Arabian shield from common Pb analyses. Evidences for an older crust were provided also by Nd isotopes from Yemen, Somalia and Eastern Ethiopia (Stern, 2002) . Dixon (1981) and Wust, Todt & Kröner (1987) showed that the western part of the Arabian-Nubian Shield locally contains detritus derived from preNeoproterozoic sources that was incorporated into the Arabian-Nubian Shield during Neoproterozoic times.
This study demonstrates a general up-section increase in the fraction of detrital zircons displaying preNeoproterozoic ages, indicating a progressive change of provenance with time and an increase in material derived from more distal sources. When deposition of the Palaeozoic succession began, the main sources of the Amudei Shelomo Formation in southern Israel were late Neoproterozoic rocks of the Arabian-Nubian Shield. Potential source rocks are ubiquitous in the crystalline basement underlying the study area and are exposed in Sinai south of Elat. As the transgression continued, early Palaeozoic sediments covered the proximal source areas such that detritus for the overlying sedimentary unit had to be supplied from a source further to the south. While still dominated by late Neoproterozoic rocks, the more distal source area(s) contained a larger proportion of pre-Neoproterozoic rocks, which are more common on the periphery of the Arabian-Nubian Shield. Examples include the Afif Terrane (Stacey & Hedge, 1984) or Oweinat area, at a distance of about 1000 km from Elat (Klerx, 1980; Sultan et al. 1990 ; Fig. 8 ).
The 0.95-1.1 Ga (Kibaran) age peak in the spectrum is of particular interest. Zircons of this age are subrounded, some with coarse zoning. The nearest Kibaran age crystalline outcrop is now about 3000 km south of our study areas (Kröner, 2001 ; Fig. 8 ), but the shape of the Kibaran age grains are inconsistent with long distance transport. Moreover, we note that the lowermost rock units such as the Amudei Shelomo in Israel and particularly the Salib Formation in Jordan (1) are dominated by subarkose, (2) contain a basal conglomerate, (3) seem not to have been derived from a distal source, and (4) contain Kibaran age detrital zircons. To explain the Kibaran zircons from the Cambrian succession of Elat, Avigad et al. (2003) suggested that Kibaran material was transported from East Africa towards the margins of Gondwana by Neoproterozoic glaciers, and that the glacial detritus was later reworked into the lower Palaeozoic section by the CambrianOrdovician fluvial system. This interpretation implies that glacial tillite and/or diamictites were deposited in the Arabian-Nubian Shield in the vicinity of Elat and south Jordan. Neoproterozoic diamictite successions, considered to be products of the 720-750 Ma Sturtian glaciation, have been reported from the southern part of the Arabian-Nubian Shield in Ethiopia (the Negash diamictite) and Eritrea (Miller et al. 2003; Beyth et al. 2003) . These diamictites contain Kibaran age zircons (D. Avigad, unpub. data). Dixon (1981) reported a 30 cm boulder yielding a 1.1 Ga U-Pb zircon age (an upper intercept) from a succession described as a meta-conglomerate in the Eastern Desert of Egypt, but a provenance does not exist in the vicinity of the outcrop and we suspect it may represent glacial transport.
In Jordan the 0.95-1.1 Ga group makes up 17-27 % of the concordant grains, whereas in Israel it makes up only 5-13 % of the concordant grains. Prior to the Neogene northward drift of Arabia (Freund et al. 1970) , the Jordanian section was located ∼ 100 km south of Elat. Since the Jordanian section was located further to the south than its Israeli counterpart at the time of deposition of the sandstone, and since the transport was generally from south to north, the Jordanian section was closer to any putative Kibaran age sources. If any movement in the range of 100 km makes a difference, Kibaran rocks (possibly as pebbles in a diamictite) resided at a distance of several hundreds of kilometres south of the study area, since distal Kibaran source rocks would not make a difference between Israel and Jordan successions. The ubiquitous presence of Figure 8 . Illustration of Gondwana palaeogeography at the beginning of Palaeozoic times, showing major geological constituents in Africa and Arabia. Juvenile crust represents rocks with U-Pb ages of 500-900 Ma (e.g. Eyal, Eyal & Kröner, 1991; Beyth et al. 1994; Ayalew et al. 1990 ). Remobilized areas contain 1.7-1.8 Ga and ∼ 2.6 Ga rocks remobilized during Neoproterozoic times (500-900 Ma) (e.g. Klerkx, 1980; Sultan et al. 1990 Sultan et al. , 1994 Kröner, 2001 and references therein; Stacey & Hedge, 1984) . Asterisks mark places where 0.95-1.1 Ga rocks are exposed. Old craton rocks, mainly in the south, are composed of rocks yielding U-Pb ages of 1.7-1.8 and ∼ 2.6 Ga (e.g Klerkx, 1980; Kröner, 2001 and references therein). Modified after Stern (1994) and Kröner (2001) . 0.9-1.1 Ga detrital zircons may, alternatively, indicate that crust of this age exists in the Arabian-Nubian Shield, although this has not been found.
The source(s) of other pre-Neoproterozoic age zircons found in the succession could be crustal exposures such as the northern part of the CongoTanzanian, the Dhrawer cratons (Kröner, 2001), or the Gebel Uweinat area, where pyroxene granulites have yielded a whole-rock Rb-Sr age of ∼ 2.65 Ga and ∼ 1.85 Ga (Klerkx, 1980 , recalculated by Cahen et al. 1984 . U-Pb zircon ages of the Western Desert of Egypt, east of the Gebel Uweinat area and west of the Eastern Desert, yielded a crystallization age of > 2.67 Ga and metamorphic age of 2.0 Ga (Sultan et al. 1994) . Those exposures can be a plausible provenance for the ∼ 1.7-1.8 Ga and ∼ 2.6-2.7 Ga zircons (Fig. 8) .
The Ordovician section in Jordan also contains 530-440 Ma post-Neoproterozoic grains, implying their possible derivation from sources such as the peralkaline granites of Ras Gharib in the eastern desert of Egypt (Abdel-Rahaman & Doig, 1987) or intrusions in the Red Sea Hills of Sudan (Hohndorf, Meinhold & Vail, 1994) where Cambrian-Ordovician igneous activity occurred.
Conclusions
Our results show that when deposition of the Cambrian sandstone began, the cover successions of northeast Africa and Arabia were mainly sourced by late Neoproterozoic Pan-African rocks of the northern ArabianNubian shield. As deposition spread southward, the proximal crystalline source rocks were covered such that detritus for the younger sedimentary units was increasingly supplied by a distal source further to the south. While still dominated by Neoproterozoic PanAfrican basement, the more distal source contained a larger proportion of older rocks. We interpret the detrital zircon age spectrum of these early Palaeozoic strata as representing the progressive southward migration of the source area and the simultaneous progressive blanketing of northeast Africa and Arabia by Cambrian and Ordovician cover strata. Our data is not inconsistent with the entire Arabian-Nubian Shield being covered by a thin sandstone veneer by late Ordovician times (e.g. Schmidt, Hadley & Stoeser, 1979 
